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FRAGMENTATION OF ANTHRACENE IN  AN ELECTRON- 

BOMBARDMENT ION SOURCE 

by Nelson L. Mi lder  

Lewis Research Center 

SUMMARY 

Fragmentation of anthracene in a 5-centimeter-diameter version of a Lewis electron- 
bombardment ion source was studied with the aid of an electric quadrupole mass spec- 
trometer. Seven to nine peaks of comparable intensity were observed corresponding to 
specific masses ranging from about 20 to 178 atomic mass units per unit charge. The 
variation in relative peak heights as a function of electron emission current and ion dis- 
charge voltage is presented. 
and the ion discharge voltage ranged from 40 to 140 volts. The experiment demon- 
strated that severe fragmentation of anthracene occurs even under minimum condi- 
tions of sustained ion discharge. 

Emission currents ranged from 10 to 760 milliamperes 

I NTRO D UCTl ON 

For the purpose of improving the performance and extending the applicability of the 
Lewis electron-bombardment thrustor, it would be desirable to employ heavy particles 
such as molecules with a high molecular weight (ref. 1). A recent investigation (ref. 2) 
of high-molecular-weight materials indicated on the basis of thrust target measurements 
that extensive fragmentation of such heavy molecules occurs in the ionization chamber for 
electron emission currents ranging from about 0. 5 to 2.6 amperes. From the data ob- 
tained in reference 2 it was  conjectured that molecular fragmentation could be reduced by 
employing electron emission currents less than 0. 5 ampere; however, the data in this 
range were inconclusive. 

In the present study, which was complementary to that of reference 2, an electric 
quadrupole mass spectrometer (refs. 3 to 7) operated in conjunction with an electron- 
bombardment ion source was used to study the fragmentation of anthracene (C14H10) for  
electron emission currents less than 1 ampere and ion discharge voltages ranging from 
40 volts to 140 volts. 

Anthracene is a fused-ring aromatic hydrocarbon. There a r e  theoretical bases for 
expecting this molecule to provide a stable primary structure for heavy molecule propel- 
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lants (ref. 8). Electron impact studies 
of anthracene have been reported (ref. 9) 
and tend to support this expectation. The 
thrust target measurements of refer- 
ence 2, however, indicated a more 
severe fragmentation than reported in 
reference 9. 

described herein approximates that ob- 
tained in the Lewis electron- 
bombardment thrustor (ref. 10). Thus, 
the resulting mass analysis of the ion 
beam can be used to demonstrate the ef- 

The discharge obtained in the source 

fect of source parameters on propellant 
ionization and fragmentation at low 
plasma density (electron emission cur- 

rents less than l amp), where the experimental e r ror  of reference 2 was greatest. 
Following a description of the ion source, mass spectrometer and experimental con- 

figuration, a discussion of the variation in the spectral intensities with electron emission 
and ion discharge voltage will be presented. 

C-69558 
Figure 1. - Electron-bombardment i o n  source. 

DESCR I PTlON OF EXPERIMENT 

Apparatus 

Ion source. - The ion source used in this study (fig. 1) was  a geometrically half- 
scaled version of the Lewis 10-centimeter (anode diameter) electron-bombardment ion 
thrustor. The principles underlying the operation and performance of such thrustors a r e  
presented in references 11 to 13. A schematic diagram showing the ion-source config- 
uration and its associated power supplies is presented in figure 2. 

tered the ion discharge chamber through an orifice and distributor. A tantalum wire 
filament (20 mils in diameter) mounted coaxially within the 5-centimeter-diameter cylin- 
drical anode provided electron emission currents ranging from 10 to 760 milliamperes. 
A magnetic field coil was wound concentrically about the discharge chamber. 
nitude of the field along the source axis was approximately 30 gauss. 

of two grids spaced 0. 32 centimeter apart. The net ion accelerating voltage was main- 
tained at 300 volts. The ion discharge potential difference ranged from 40 to 140 volts. 

A steam-heated boiler served to vaporize the propellant material. The vapor en- 

The mag- 

The ions produced by electron bombardment were  extracted from the source by means 
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irdment ion source. Figure 2. - Schematic diagram of electron-bombr 

Electric quadrupole mass spectrometer. - The technique of the strong-focusing 
electric quadrupole mass spectrometer has been well documented (refs. 3 and 4). It will 
suffice to present herein a rather abbreviated discussion in order to familiarize the 
reader with the general principles of spectrometer operation. 

a small entrance aperture. 
trically about the analyzer axis. 
tablish an oscillating electric field in the region enclosed by the electrodes. 
ing this field will  be rejected or  transmitted according to their charge-to-mass ratio. 
Transmitted ions a re  collected at the exit of the analyzer and are  monitored as an ion 

Physically, a beam of ions enters the analyzer portion of the spectrometer through 
The analyzer consists of four electrodes arranged symme- 

Voltages applied to these electrodes serve to es- 
Ions enter- 

current . 
Figure 3 is the cross section of a symmetric hyperbolic electrode configuration, in- 

cluding the associated applied voltages and electrical connections. 
x and y a re  in the plane of the figure, while the z-axis (axis of symmetry) is normal to 

The Cartesian axes 

v cos wt  e 
Figure 3. - Cross section of symmetric hyperbolic electrode 

configuration showing electrical connections. 

the plane of the figure. The parameter 
rO specifies the radius of the focusing 
field. The voltage applied to the elec- 
trode is, from reference 3, 

0, = u + v cos w t  ( 1) 

(All symbols are defined in  the appendix. ) 
The radio-frequency voltage is applied 
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between the positive and negative electrodes such that 
the z-axis is maintained at ground potential. 0.333 

The resulting field potential is 

Unstable 2 2  Unstable 

2u @ = (U + v cos wt) - y ( 2) 
2 . l E = -  V 

.1 
rO 

Stable a:k 0 . 2  . 4  .6 .8  1.0 If the quantities 5 ,  a, and q are defined such that 

4 
(a) Stable and unstable re- 

qions. 

8eU 

mro w 
a =  

2 2  
V- 

(b) Trapezoidal form; 
0 alq = 0.125. 

and 

4eV 
2 2  mro w 

q =  

(3) 

(4) 

(5) 

V- 

a l q  = 0. w1. 
(c) Intermediate form; 

the equations of motion for singly charged ions can be 
written as 

x" + (a + 2q cos 25) x = 0 1 n 
V- 

(d) Symmetric form; 

Figure 4 - Stability region and 
characteristic l i n e  shapes. 

alq = 0.333. 

where the primes indicate differentiation with respect to 5 .  The parameters a and q 
play a fundamental role in quadrupole operation. It should be noted from equation (8) that 
the focusing field has no effect on ion motion along the symmetry axis. 

(ref. 14). The nature of this dependence is such that solutions will either be bounded 
(stable) or  exponentially divergent (unstable) in time. The relation between these solu- 
tions and spectrometer operation can be best understood with the aid of figure 4. 

and (7) (ion trajectories) a r e  stable or  unstable. 
is determined by the ratio 

The solutions to equations (6) and (7) are dependent on the parameters a and q 

Figure 4(a) shows regions in the (a,q) plane for which solutions to equations (6) 
The actual spectrometer operating point 
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A convenient mode of operation is along lines of constant slope a/q. 
such lines with the stability region boundaries determines spectral line widths. 

quency and field radius; therefore, as shown by equation (5), q is a linear function of 
the radio-frequency voltage V for a particular ion mass and charge. The general forms 
of the resulting spectral lines are presented as a function of the applied radio-frequency 
voltage in figures 4(b) to (d), varying from the trapizoidal form of 4(b) to the symmetric 
form of 4(d) (ref. 3). It should be noted that the maximum intensity occurs at a value of 
V for which q = 0.706. 

olution can be defined as the value of V at maximum intensity divided by the voltage 
difference AV across the width of the spectral line at half maximum intensity. This 
definition is proportional to the generally used definition of resolution (ref. 3), 

The intersection of 

The spectrometer used in this study employed fixed values of the applied radio fre- 

Line shapes such as those of figure 4 serve to define spectrometer resolution. Res- 

m V  
Am AV 
-cc - 

where m is the ion mass (assuming unit charge) at the peak maximum, and Am is the 
line width ( in  units of mass) at half maximum intensity. It is convenient to use the defi- 
nition of resolution in terms of mass units when identification of complicated spectra is 
required. The definition in terms of the peak radio-frequency voltage is operationally 
useful when spectrometer scanning is accomplished by sweeping voltage. 

Theoretically, the slope of the operating line determines the spectral resolution. It 
can be shown (ref. 3), however, that the maximum resolution attainable depends on spec- 
trometer frequency and length, net ion accelerating voltage, and charge-to-mass ratio as 
follows : 

m 2 2  2 4.2X10 f L M 
Am N 

It is found experimentally (ref. 3) that, if the entrance aperture is small relative to 
the field radius ro, the ion transmission through the quadrupole field will be maximum 
and independent of a/q (and hence independent of resolution) over most of the stability 
region, but will f a l l  off rapidly near the peak of the stability region (fig. 4(d)). 

means of cylindrical rod electrodes was used where the radius of the stainless-steel rods 
is given by 

The spectrometer is shown in figure 5. The approximation to a hyperbolic field by 

r = 1.16 ro 
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C-69557 
Figure 5. - front view of analyzer section of electric quadrupole mass spectrometer. 

Figure 6. - Spectrometer and ion source in vacuum facility. 
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The value of ro used was 0.01 
meter. 
0.50 meter. The rods were mounted 
to two stainless-steel plates and 
were electrically insulated from 
these plates with insulator rings. 
The entrance aperture was 2 milli- 
meters in diameter. A collimating 
assembly was used to minimize the 
number of ions entering the spectro- 
meter with transverse velocity com- 
ponents. This was done s o  as to 
minimize anomolous effects due to 
field fringing (ref. 6). A Faraday 
collector used to monitor the trans- 
mitted ion current was  mounted 
through a ceramic insulator in a 
stainless-steel shield a t  the exit of 
the spectrometer. 

Experimental configuration. - 
Figure 6 shows the experimental ar- 
rangement of the ion source and spec- 
trometer in the vacuum facility. The 
ion source was  mounted to a 1/16- 
inch steel O-ring by means of ceramic 
insulators. This assembly rested on 
a 1-inch-thick stainless-steel flange 
such that the source was  seated in a 
6-inch-diameter hole centered in the 
flange. All power leads and steam 
fittings were connected through port 
plates on the spool piece shown in 
figure 6. A copper plate with a 1-inch 
centered hole was mounted in front of 
the entrance aperture to the ion- 
source support and served to define 
the beam profile incident on the spec- 
trometer. 

The spectrometer rested on a 

The length of the rods was  



specially designed support that allowed for vertical alinement by means of adjusting 
three hex nuts supporting the base plate with the aid of an optical cathetometer. Electri- 
cal connections to the spectrometer were made through a 1-inch steel flange at the top 
of the 17-inch-inside diameter double-ended bell jar. A 6-inch oil diffusion pump served 
to maintain operating pressures ranging from to millimeter of mercury. 

r Rectifier 

P roced u re 

I 
-U 

Operation of ion source. - Some of the scaling properties of the ion source used in 
this investigation a r e  described in reference 10. The anode voltage VI (or net ion ac- 
celerating voltage) was maintained at 300 volts in order to (1) optimize the spectrometer 
resolving power and (2) prevent the occurrence of transient arcing between the source 
and external ground (the spectrometer and its support). The fact that electron emission 
currents JE were less than 1 ampere resulted in very small ion beam currents (less 
than 1 ma). The mode of operation of the source was thus far from maximum efficiency 
conditions. In order to estimate the degree to which ionization in the discharge approxi- 
mated that of a thrustor, a comparison was made between mercury spectra obtained with 
this source and that reported in reference 15. The data employed in this comparison 
were obtained at a discharge voltage AVI of 60 volts and net ion accelerating voltages of 
500 and 1000 volts. 

tures (all other ion-source power supplied remaining off) in order to raise the tempera- 
ture of the source and facilitate bakeout. The presence of foreign contaminants that 
could affect spectral measurements was  minimized by allowing the system to outgas for 

For operation with anthracene, the filament was first raised to emission tempera- 

Mass analyzer 

550- kc rad io- 

Rectifier -I1 
h h L k  x-y Recorder 

Faraday 
collector- ,_, 

I D i rect-current 
micromicro- 

ammeter I 
Figure 7. - Block diagram of spectrometer paver supplies and detector equipment 
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several hours prior to obtaining spectral traces. 

power supplies, and detector equipment is presented. The applied frequency was fixed 
at 550 kilocycles per second. The radio-frequency voltage could be varied over a range 
of 2400 volts (peak-to-peak) by means of a radio-frequency level control. 
current voltage was obtained by rectification of a portion of the radio-frequency voltage 
in such a manner that the ratio of the direct-current voltage to the radio-frequency volt- 
age was constant over the sweep range. At the voltage ratios used ( 2 U m  = 0.30  to 0.32), 
the transmission of all ion species was maximum. 

The spectrometer was calibrated using known mass peaks of argon (A', A'? and 
mercury (Hg', Hg"). The resulting voltage calibration was  such that the measured ra- 
tio 2U/V was accurate to within *3 percent. 

Ion currents reaching the Faraday collector were monitored with a micromicro- 
ammeter. Ion current levels ranged from to about ampere. 

Permanent spectral traces were obtained by connecting the x-axis of an X-Y re- 
corder to the output amplifier of a vacuum tube voltmeter whose input was a portion of 
the applied radio-frequency voltage (fig. 7). The y-axis of the recorder was connected 
to the amplifier of the micromicroammeter used to monitor the Faraday collector cur- 
rent. 

The specific mass ( M m )  values at the peaks were identified from equation (4) by 
wing the measured radio-frequency voltage and the value q = 0.706 corresponding to the 
peak. The calculated specific masses coincided with specific masses reported in refer- 
ence 9 to within lt5 percent. 

Operation of the spectrometer. - In figure 7 a block diagram of the spectrometer, 

The direct- 

The peak heights could thus be obtained directly. 

The maximum resolution attainable with the spectrometer used in this study w a s  

1 \,,-Background 178 

Peak specific mass, 
MIN, 

amulun i t  charge 

U 
MIN, amulun i t  charge 

Figure 8. -Typical anthracene fragmentation spectra I. Operating conditions: discharge voltage, 40 volts; 
emission current, 10 milliamperes; net ion accelerating voltage, 300 volts. 
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m/Am = 40. A search for peaks was undertaken at a 2U/V ratio corresponding to this 
resolution in order to locate all ion fragments. Measurements of spectral intensities 
were made from recorder traces obtained at values of 2U/V corresponding to maximum 
transmission. For these traces the resolution varied from about 5 at the low mass end 
of the spectrum to about 25 at the high mass end. The low and high specific mass limits 
with the present spectrometer were 20 and 900 atomic mass units per unit charge, re- 
spec tively. 

EX PER 1 MENTAL RES U LTS AND Dl S CU S S ION 

Typical fragmentation spectra are presented in figures 8 and 9. The observed spec- 
tra contained seven to nine peaks representing specific masses ranging from 20 to 178 
atomic mass units per unit charge. 
molecular ions reported in reference 9 with the exception of masses 20 and 36, which 
were not reported in the reference. 

The observed spectra were actually superimposed on a background current, as shown 
by the broken lines in figures 8 and 9, which was subtracted from the trace pattern in 
the actual presentation of peak heights. This background, which dropped to zero with in- 
creasing spectrometer voltages U and V, could be attributed to two effects. First, the 
selectivity of the spectrometer is greatly reduced at the low mass end of the spectrum, 
where spectrometer voltages a r e  of the order of the net ion accelerating voltage. Hence, 
ions that should be deflected reach the collector. As the spectrometer voltage increases 
towards the high mass end of the spectrum, spectrometer selectivity increases and the 

Their identification compared favorably with the 

mr;, ,rBackground 

Peak specific mass, 
MIN. 180 \ 

178 

" 
MIN, amu lun i t  charge 

Figure 9. - Typical anthracene fragmentation spectra IL Operating conditions: discharge voltage, 80 volts; 
emission current, 10 milliamperes; net ion accelerating voltage, 300 volts. 
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I o n  discharge voltage, AVI, v 

Figure 10. - Fragmentation of anthracene as function of 
ion  discharge voltage. Electron emission, 10 milliamperes; 
net ion accelerating voltage, 300 volts. 

background current drops. The second con- 
tribution to background current may result 
from specific masses less than 20 atomic mass 
units per unit charge, which have sufficient 
velocity to traverse the quadrupole field unde- 
flected. 

Absolute peak currents were found to vary 
slightly from one trace to another although the 
ion-source operating point was unchanged. 
The relative peak heights did not change at a 
fixed operating point; thus only the relative 
peak heights can be considered significant in 
data interpretation. 

ion discharge voltage (approximately mean 
electron energy) is presented in figure 10. 
These curves have the familiar form of ion 
yield curves in that maxima occur at particu- 
lar electron energies (ref. 16). Normally, 
ion yield curves tend to peak at  an electron 
energy corresponding to the ionization poten- 

Variation of the relative peak heights with 

tial. The difference between the usual yield 
curves and those of figure 10 is due to the nature of the discharge mechanism in the 
electron-bombardment ion source. Here the ignition of the discharge is determined by a 
balance between ion production and loss mechanisms in the plasma of the discharge cham- 
ber. The mean energy of the collision electrons required for  a sustained discharge may 
be several electron volts greater than the ionization o r  dissociation energy of the mole- 
cule. 
ger than might be expected from electron impact ion yield curves. 
maxima were found to vary only slightly with electron emission current. 

The relative abundance of the different fragments, however, was highly dependent on 
the emission current, as is shown in figure 11. In general, the fragmentation was found 
to increase with the emission current, the relative proportion of low specific mass frag- 
ments rising with the discharge current. The plasma density of the discharge from which 
the data of figure 11 were obtained was in general greater than the density associated with 
the data of figure 10. This may account for the fact that specific masses 98 and 152 
atomic mass units per unit charge appearing in figure 10 are absent from figure 11. 
dependence of the ion yield on emission current can be understood on the basis of simple 
collision theory, which states that the number of ion species produced per unit volume 

This was not the case in the present study. 

For this reason the maxima of figure 10 occur at  discharge voltages somewhat lar- 
The location of these 

The 

10 



Specific ' ' mass, 
MIN 
20 
36 
49 
61 
76 
89 

-i 
0 200 400 600 800 

-Electron emission current, JE, ma 

Figure 11. - Fragmentation of anthracene as 
function of electron emission. Discharge 
voltage, 50 volts; net ion accelerating 
voltage, 300 volts. 

per unit time is dependent on the electron flux by the 
relation 

dn: 
I = n  n v  dt o e e a i  

where ni is the number of ions produced per unit 
volume per unit time, no is the molecule density, 

ne 
and ai is the ionization cross section. Multiplica- 
tion by the electronic charge converts equation (13) 
into a current density relation, with n eve repre- e 
senting the electron current density. Thus, at least 
to a first approximation, a linear dependence of ion 
yield on the emission current density is expected, 
the slope of the line being determined by the ioniza- 
tion cross section. 

trometer no additional mass peaks were observed. 
If other species were present in significant amounts, 
they would have appeared as changes in line shapes 
and positions as source parameters were varied. No 
such changes were observed. 

is the electron density, ve is the electron speed, 

Within the limits of the sensitivity of the spec- 

CONCLUDING REMARKS 

Severe fragmentation of anthracene occurs in an electron-bombardment ion source 
operating with emission currents ranging from 10 to 760 milliamperes and discharge 
voltages ranging from 40 to 140 volts. This fragmentation is due primarily to the ener- 
getic electrons required to provide a sustained ion discharge. Severe fragmentation was  
observed even at the minimum conditions required to maintain the discharge. This re- 
sult is in agreement with the conclusion of Byers, et al. ; that is, fragmentation appears 
to be an inherent problem of electron-bombardment thrustors operating with a molecular 
propellant. 

A comparison between mercury spectra obtained in the present source with that re- 
ported in the literature for a thrustor indicated fair agreement in the measured ratio of 
doubly to singly ionized mercury. On the basis of this comparison, the ionization ob- 
tained in this study was  estimated to approximate that of the thrustor to within 15 percent. 

Within the resolution capabilities of the spectrometer used in this investigation, a 
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maximum of nine ionized fragments in the range of 20 to 178 atomic mass units per  unit 
charge were observed at the discharge conditions employed. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, October 30, 1964. 
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APPENDIX - SYMBOLS 

JE 

L 

M 

m 

m/-m 

N 

ni 

dni/dt 

"0 

n 

q 
e 

r 

rO 

t 

parameter defined in 
eq. (3), dimensionless 

1.6X10-19 coulomb 
electronic charge, 

frequency of applied 
radio-f requenc y 
field, Mcps 

electron emission cur- 
rent, ma 

length of quadrupole 
spectrometer, m 

ion mass, amu 

ion mass at peak 
maximum, kg 

resolution, dimension,ss 

number of electronic 
charge per ion 

number of ions produced 
per unit volume 

density, sec-' 
time derivative of ion 

molecule density, 

electron density, 

parameter defined in 
eq. (4), dimensionless 

radius of spectrometer 
rods, m 

radius of spectrometer 
focusing field, m 

time, sec 

U 

V 

V/AV 

vA 

VI 

AvI 

'e 

x, Y 

x", y", z" 

Z 

5 

7i 

a 

@O 

w 

applied direct- current 
voltage, v 

applied radio-frequency 
voltage amplitude, v 

resolution, dimensionless 

accelerator voltage, v 

net ion accelerating 
voltage, v 

ion discharge voltage, v 

electron velocity, cm/sec 

transverse displacement 
of ion trajectory, cm 

second-order differentia- 
tion with respect to 5 ,  
cm/sec 2 

axial displacement of ion 
trajectory, cm 

dimensionless time varia- 
ble, wt/2 

ionization cross section, 
2 cm 

potential of focusing field 

(es. (211, v 

(es. (I)), v 
form of applied voltages 

angular frequency of 
applied electric field, 
sec -1 
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